[Advanced Very High Resolution Radiometer, Satellite Pour l'Observation de la Terre (SPOT) VEGETATION (SPOT VGT), MODerate resolution Imaging Spectroradiometer (MODIS), and MEdium Resolution Imaging Spectrometer] provide data related to a specific vegetation index (VI), such as the normalized difference vegetation index (NDVI) or the enhanced VI [1] . The VI temporal profile (time series) can be analyzed through time and used to extract information about the vegetation dynamics. Currently, access to satellite vegetation data is widespread, with low or no costs. However, the analysis and extraction of relevant information can be a difficult and timeconsuming process due to the large amounts of data and the presence of noise.
The VI time series obtained by Earth Observation Satellite (EOS) images generally include various noise components such as atmospheric disturbances, viewing and solar illumination variability, cloud cover, and others. In the SPOT VGT (ten days) and MODIS (16 days) composites, some of this noise is reduced by the maximum value compositing process [2] , where only the highest VI value in a predefined period (10 or 16 days according to the sensor) is retained. However, additional noise may be also introduced by the process of overlaying several images (for example, due to image registration). Noise reduction or fitting a model to the observed data is thus necessary before the extraction of vegetation dynamics information. It is important to carefully evaluate the time series and the noise present in order to choose the best fitting algorithm, one capable of smoothing the data without introducing artifacts or suppressing natural variations of vegetation [3] . Various time-series fitting algorithms have been developed [2] , [4] [5] [6] [7] [8] [9] [10] , and comparison studies have been conducted [11] , which concluded that asymmetric Gaussian (AG) [6] and double logistic functions [4] present the best results.
During the last years, more fitting algorithms (e.g., [12] [13] [14] ) and software products were developed to extract phenology from satellite VI time series. These software include TIMESAT [7] , TimeStats [15] , enhanced TIMESAT [16] , PPET [17] , and the software developed by United States Geological Survey Earth Resources Observation and Science Center [18] . All these software tools have important functionalities for the extraction of phenological information, but none of them allow the selection of an in-season window of interest, which is fundamental for application to crops with discontinuous canopy. Moreover, except for TIMESAT, none of them have a specific option to determine a double growth season phenology. To address these limitations, the authors of this paper developed PhenoSat, a new tool that is flexible to detect the number of growth seasons in each year and has an option that permits 0196-2892/$31.00 © 2012 IEEE to define, manually or automatically, an in-season window of interest.
The aim of this paper is to evaluate the capability of NDVI metrics obtained from PhenoSat to identify the phenology in situ. Different NDVI time series provided by MODIS and SPOT VGT satellite sensors, from different geographical locations and vegetation types, were used to address the objectives of this paper. The following section describes PhenoSat functionalities and insights into the algorithm performance. Sections III and IV present an experiment carried out to test the PhenoSat ability to detect accurate phenology with various vegetation types, and Section V presents the concluding remarks.
II. PHENOSAT SOFTWARE DESCRIPTION

A. Functionalities and Implementation
PhenoSat is a simple-to-use tool that extracts satellite VI metrics related to vegetation phenology. PhenoSat was implemented in Matlab, receiving as input a temporal VI data set and as outputs the phenological information and the data from the various fitting steps.
PhenoSat extracts a number of phenological parameters for the main growth period such as the following: start of the season, maximum vegetation growth, or senescence. Some vegetation types can have a regrowth in the same year, which is related to some factors such as the grass-cut-animal pastures or particular weather conditions. The beginning and maximum of the regrowth period can be determined by PhenoSat.
Some VI data sets available online (e.g., MODIS and SPOT VGT) are already preprocessed in order to remove many of the disturbances provided by different factors such as atmospheric conditions or geometry and illumination variability [19] [20] [21] [22] . Although this preprocessing is generally effective, the VI data sets still retain enough problems (punctual outliers or abrupt changes) that require additional processing. The elimination of these artifacts can be achieved by the application of noise reduction filters, which permits the researcher to conduct a better subsequent analysis and to obtain more reliable vegetation dynamics information.
Initially, the VI time-series values that are substantially different (with an NDVI difference above 0.2) from the left and right spatial neighbors, and from a median of a window (Mw), are considered outliers, and their values are replaced by the Mw value. PhenoSat has an option that permits the application of an upper envelope [4] , enhancing the spring and summer periods. Despite these actions, some noise might still remain in the time series. Further improvements in the analysis can be obtained by PhenoSat using seven smoothing algorithms: cubic smoothing splines (CSSs), polynomial curve fitting (PCF), Gaussian models (GMs), Fourier series (FS), piecewise logistic (DL), Savitzky-Golay (SG), and, also, the sequential combination of the SG and DL.
The CSS algorithm fits a spline or smooth piecewisepolynomial algorithm, and a smoothing parameter determines just how closely the smoothing spline adheres to the given data [23] .
The PCF [24] applies a polynomial of a given degree to fit the data. The higher the degree, the closer the fitting curve will be to the given data.
The FS [25] is a sum of sine and cosine functions of different period that describes a periodic signal. It is represented in either the trigonometric form or the exponential form
where a 0 models a constant (intercept) term in the data and is associated with the i = 0 cosine term, w is the fundamental frequency of the signal, and n is the number of terms (harmonics) in the series (1 ≤ n ≤ 8).
The GM [26] fits peaks and is given by
where a is the amplitude, b is the centroid (location), c is related to the peak width, and n is the number of peaks to fit
The SG is a particular type of low-pass filter, well adapted for data smoothing [27] . This filter
replaces each data value f i , i = 1, . . . , N, by a linear combination g i of nearby values in a window defined by the number of points used "to the left" (nL) and "to the right" (nR) of a data point i, respectively. The application of the SG in PhenoSat uses the simplest case (nL = nR), where the same number of points is used "to the left" and "to the right." Some tests were done to estimate the best SG moving window and polynomial order, and a first-degree polynomial with a frame size of five proved to be capable of removing the undesirable data from NDVI time series, capturing efficiently all the transitions related to the main and double growth seasons. The DL, defined by (4), uses seven parameters to fit the VI data
where t represents the time, VI t is the VI value at time t, k is related with the VI asymptotical value, c and d are the slopes at "left" and "right," and p and e are the dates of the inflection points. VI w and VI w1 are the VI values before the start of growing season and after the leaf fall, respectively. The continuity between the vegetation growth and senescence parts is assured by the k parameter, even when they differ in shape [28] . The parameters of the DL method were estimated by the Levenberg-Marquardt [29] algorithm that requires some reasonable initial values. Fig. 1 presents a schematic representation of the DL parameters, using two consecutive years of NDVI SPOT VGT data. The continuity between the two years is assured by the NDVI w and NDVI w1 , being the NDVI w for the second year (beginning of the time series) the same as the NDVI w1 for the first year (final of the time series).
A new fitting method using a combination of SG and DL (SG+DL) was also implemented. It consists of the application of the SG filter to the NDVI time series, followed by the DL fitting process.
B. Phenological Information Extraction
PhenoSat extracts information (VI value and time of occurrence) of seven phenological stages in the main growing season: green-up (Gu) or start of season (SOS), left and right inflection points (LIP and RIP), maturity (Mat), maximum vegetation development (MVD), senescence (Se), and dormancy (Dm). To estimate these stages, the fitted data derivatives are used. Initially, the LIP and RIP, corresponding to the maximum growth and maximum senescence rates, are calculated using the maximum and minimum of the fitted data first derivative. Then, the MVD is determined as the maximum VI value observed in the data interval delimited by the inflection points. The Gu and Dm correspond to the maxima of the fitted data second derivative to the left and right of the MVD, respectively. Furthermore, the maturity [beginning of ripening stage (fruit vegetation) or full canopy (nonfruit vegetation)] and senescence correspond to the minima of the fitted second derivative to the left and right of the MVD. As an illustration, Fig. 2 shows the NDVI values optimized after DL application and a schematic procedure for the calculation of the NDVI metrics. The NDVI values were obtained from SPOT VGT sensor for a vineyard region in Portugal, for the year 2000.
In addition to the phenological information extracted by PhenoSat for the main growing season, it is also possible to record information for a double growth season or regrowth occurrence. This option allows obtaining information about the VI value and time occurrence for the start and maximum of this period. To determine the regrowth stage occurrence, the use of two successive years of data is necessary: the data for the year in analysis and the data for the following year. The start occurs when an increase of three or more consecutive points is verified after the Dm stage. The maximum of the double growth happens when, after the start occurrence, a decreasing period is verified.
Another feature of PhenoSat is the possibility of selecting an annual time-series subinterval, reducing the volume of data to be processed and thus improving the fitting process. This temporal region of interest can be selected manually, by the user, or automatically, by PhenoSat. The manual selection can be done by introducing the initial and final time positions in a specific application defined for this purpose. This selection must be based on the knowledge of the vegetation behavior, at normal growth conditions. For the automatic detection of the temporal region of interest, the PhenoSat first finds the maximum value of the data and then searches for the point where a significant increase (or abrupt decrease) is verified to the left of the maximum. That point corresponds to the initial position of the region of interest. Afterward, to determine the final position, the program proceeds in a similar way but evaluates the data to the right of the maximum.
III. EXPERIMENTAL SETUP
A. Satellite Data and Study Areas
In order to evaluate the performance of PhenoSat, various tests were carried out using NDVI time series acquired from different sensors, representing a variety of vegetation types and geographical locations. Satellite vegetation data covering Portugal from Aqua MODIS NDVI (16-day composite and 250-m resolution) and NDVI SPOT VGT (ten-day composite and 1-km resolution) were downloaded from Reverb [30] and Vision on Technology (VITO) [31] , respectively. Three different vegetation types, namely, vineyard (VIN), seminatural meadows (SNM), and low shrublands (LSL), were used for the experimental test carried out (Table I) . These land cover types were selected due to the availability of VIN groundbased information as well as for its different growth patterns: 1) The grapevines in Portugal have a long dormancy period with intense understory vegetation growth and a discontinuous canopy [28] ; 2) SNM presents a vegetation regrowth by August whose intensity and date of occurrence are mainly dependent on climatic conditions [32] ; and 3) LSL, composed mainly of shrubs and permanent herbaceous species [33] , is an extensive grazing area with minimal agronomic human intervention, where vegetation development occurs later than in the SNM.
For each test site selected, the median NDVI value was recorded from each image. The median was used instead of the mean values as it has lower sensitivity to erroneous or outlier values. Annual NDVI time series were created for VIN, SNM, and LSL. 
B. PhenoSat-Derived Phenology
For each test site, the SOS and MVD phenological stages were extracted. If the crop shows a double growth season, the start and maximum of this period were also recorded. The PhenoSat-derived phenology, for each vegetation type, was compared against observed measures and the results produced by TIMESAT. Both software tools extract phenological information from satellite VI time series. TIMESAT was chosen for this experiment because it is a freely available software tool and has time-series fitting algorithms similar to PhenoSat.
TIMESAT uses three distinct methods to fit the NDVI time series: AG, DL, and SG. Previous studies showed that AG and DL algorithms present similar results [11] , [34] . As described in Section II-A, PhenoSat permits the use of seven different methods to smooth VI time series. However, for consistency, in this experiment, we only used DL, SG, and SG+DL as they are implemented in both software tools.
The SG filter was implemented in both tools in a similar way, replacing each data value by a linear combination of nearby values in a window [27] . The implementation of the DL differs in the number of parameters: PhenoSat uses seven parameters (see (4) in Section II-A), and TIMESAT uses only four parameters, which are related to the inflection points and the respective rates of change.
To determine the phenological metrics, TIMESAT uses a threshold approach: The start time of the season corresponds to the time for which the left edge has increased by 20% (default value used by TIMESAT) of seasonal amplitude, measured from the left minimum level. The time for the middle of the season is obtained by calculating the mean value of the times for which the left edge has increased to the 80% level and the right edge has decreased to the 80% level. On the other hand, PhenoSat uses an algorithm based on derivatives avoiding thresholds or empirical constants, providing a method that can be applied globally and is capable of identifying multiple growth periods within a single year.
C. Software Performance Evaluation
To evaluate the performance of the software in the extraction of phenological metrics, a Spearman's rank correlation (e.g., [35] ) and a root-mean-square error (rmse) analysis were performed to compare the estimated and observed phenological measures. Table II presents the statistics of observed phenological measures obtained for each study area. For VIN, the observed measures were collected in the field, according to the Baggiolini scale [36] ; for LSL and SNM, they were derived by the analysis of the original NDVI time series, taking into account the knowledge of the vegetation behavior in the field under normal conditions (regular atmospheric conditions, without human interventions that affect the normal growth of vegetation). The SOS was determined as the first point where a continuous (five or more points) vegetation growth was verified (March/April). The MVD was identified as the maximum NDVI value in the annual time series, which generally occurs in June or early July. The SNM regrowth was related to the first significant (three or more points) vegetation growth after the MVD (around August). Two other important points to evaluate are the ability of TIMESAT and PhenoSat to detect a double growth season and 
IV. RESULTS AND DISCUSSION
The original NDVI temporal profiles produced for each test site are shown in Fig. 3 . As described, these plots were produced from the median NDVI of the test area available for each land cover type. The general shape of these temporal plots is very much what could be expected for the vegetation types. The SNMs are irrigated all year round, and in general, they present a SOS in March/April, an MVD in June/July, and a regrowth by August. LSL presents a similar behavior to SNM; however, as the LSLs are not irrigated, the regrowth is less frequent and with less magnitude.
For the VIN vegetation type, the annual profile presents high variability among years and is not so well defined as for SNM and LSL. Grapevine (VIN) budbreak occurs in March/April (Julian Day 79 to 91), followed by a period of about four weeks of intensive growth and then a steady decrease until "veraison" (change of color of the grapes) that occurs between Julian Day 201 and 215 (Table II; Fig. 3 ). Due to the large interrow space and discontinuous canopy, it is possible to see, particularly in the annual winter season, the effect of the soil vegetation growth on the VI temporal profiles.
A. PhenoSat Fitting Methods
To evaluate the ability of the PhenoSat fitting algorithms (SG, DL, SG+DL, CSS, PCF, GM, and FS) in estimating phenology, a comparison was made between derived and observed phenological information.
The performance of CSS, PCF, GM, and FS algorithms depends on a smoothing parameter, which affects the adherence of the fitting curve to the original data. To test the sensitivity of the algorithms to the smoothing parameter, PhenoSat was executed eight times for each algorithm: For PCF, GM, and FS, the parameter was varied between one and eight, and for CSS, it was varied from 0.1 to 0.8. Table III Table IV shows the Spearman's rank correlation (rs) and rmse results obtained between observed and estimated phenological SOS and MVD, for VIN, LSL, and SNM vegetation types.
B. PhenoSat and TIMESAT Results
Analyzing the fitting algorithms, SG+DL was the best for PhenoSat with correlations above 0.70 for all tests, except for the seminatural meadow SOS. In TIMESAT, SG and SG+DL were the algorithms that obtained the better and the worst correlations, respectively, between derived and observed phenologies.
For VIN, PhenoSat showed the best results in all fitting methods, providing rmse values between 15 and 23 days. In TIMESAT, some VIN years are not considered in the correlation estimation as the software was unable to predict the metrics for those years. The poor adherence of the TIMESAT fitting algorithms to the VIN original data can explain the abnormal rmse (above 100 days) results obtained.
For all vegetation types, TIMESAT and PhenoSat proved to be useful tools to detect phenological events, obtaining, in some cases, correlations above 0.70. TIMESAT obtained better results for the MVD except using the SG+DL algorithm, for which the PhenoSat always was the best with mean correlations of about 0.70 and rmse values between 5 and 23 days.
Table V presents the observed and computed regrowth season parameters. In 2007, there was no regrowth, which was correctly verified by both software tools. For the other years, TIMESAT had some difficulty in determining the double growth season using the different algorithms; the SG+DL was the worst case, as TIMESAT was unable to determine the parameters for any year tested. The TIMESAT 1-season option does not report any regrowth; thus, the results presented in Table V were obtained using the option 2-seasons. Although this option might work for some years, it is not sufficiently flexible for the years in which there is no regrowth. On the other hand, PhenoSat determined the parameters with high precision, only failing on the maximum for the year 2005. The PhenoSat algorithm, to derive the regrowth, uses the preprocessed time series before the application of the fitting process, being independent from the fitted data, and thus provides identical results for all fitting algorithms tested. Fig. 4 shows the original and SG, DL, and SG+DL fitted data, obtained by PhenoSat and TIMESAT software tools, for the SNM region in 2003. From the original data, it is possible to verify a regrowth occurrence around the Julian Day 240 to 256. The TIMESAT SG algorithm cannot detect efficiently the regrowth, smoothing this period, contrary to PhenoSat that can detect with high precision the beginning of the regrowth. For DL, the TIMESAT and PhenoSat fitted results present slight differences for the main growing season; however, for the regrowth period, PhenoSat tends to smooth this period. The SG+DL algorithm presents a similar performance to that verified in SG for the TIMESAT tool; for PhenoSat, the SG+DL fitted results show a "mix" of the SG and DL results. The selection of an in-season window is of particular interest for crops like VIN, with a long period of winter dormancy, and crops with discontinuous canopies. The VIN, in general, presents a budbreak in March/April (Julian Day 79 to 91) and dormancy stage in October/November (Julian Day 300 to 310). Thus, the period comprising the Julian Day 79 to 310 is usually used to define a manual selection of the region of interest. However, the manual selection, based on the knowledge of the vegetation behavior in the field under normal conditions, is not flexible to adapt to the different vegetation dynamics that can occur over the years due to some factors, such as adverse weather conditions. The automatic selection can be a good option to eliminate these limitations and detect more accurately the temporal region of interest. VINEYARD (2000 VINEYARD ( -2005 those obtained using the complete range of 36 observations. Thus, the PhenoSat feature to select an in-season region of interest proved to be a valuable tool for vineyard monitoring, allowing for high significant correlations between estimated and observed values to be obtained. Adverse weather conditions such as unseasonal snow, extreme heat, or irregular precipitation could result in a false vegetation regrowth. The selection of a subtemporal region of interest based on vegetation dynamics knowledge could help to deal with the false report of regrowth in particular natural environments (high latitudes or boreal regions), leading to a better analysis and more consistent results.
V. CONCLUSION
The experiment carried out to evaluate the performance of the PhenoSat showed that it can produce accurate and consistent results, compared with observed measures. This tool proved capable of solving some limitations present in other software tools, such as the following: the detection of a double growth season, with the extraction of phenological parameters for this period, and the possibility to select, manually or automatically, an in-season region of interest.
The extraction of phenological parameters using an algorithm based on derivatives allows PhenoSat to avoid thresholds or empirical constants, providing a method that can be applied globally and that is capable of identifying multiple crops or regrowth within a single year. The tool proved to be very efficient in detecting the double growth period. The independency of the fitted results leads to a more realistic time-series profile over the year and, thus, more accurate regrowth-derived results.
The option to select, automatically or manually, a temporal region of interest of the VI time series provides an improvement in the fitting process, leading to more reliable results. The PhenoSat feature to select an in-season region of interest proved to be a valuable tool for vineyard monitoring and can enlarge the PhenoSat application to crops with discontinuous canopy, like forestry and deciduous fruit trees.
PhenoSat is a freely available software tool, with a preliminary version currently available at http://www.fc.up.pt/ LamSat_XXI. This version is able to run a single data set file (with data for a single vegetation type, for different years) at a time. However, a new version is being developed to improve and automate the process in order to receive various data set files at once. Another improvement consists in creating an application that permits the extraction of phenological information directly from the EOS images. This option eliminates the laborious and manual preprocessing steps that involve the extraction of VI data from the images to create the data set input file.
